Abstract-We have successfully demonstrated the simultaneous transmission of high-frequency subcarrier multiplexed CATV channels and 2.5 Gb/s error-free digital through a 5 km 62.5-µm core-diameter graded-index multimode silica fiber link. Successful transmission is achieved by a combination of a lowlinewidth DFB laser and singlemode fiber central launching.
INTRODUCTION
Multimode fiber (MMF) links are currently attracting much interest as the transmission medium for gigabit per second local area networks (LANs). Such high-speed links are particularly needed for backbone links, because of the increased LAN bandwidths following the 10-Gigabit Ethernet (10GbE) standard. The majority of installed in-building fiber (approximately between an 85% and a 90%) consists of silica multimode fiber [1] , as recommended by the ISO/IEC 802.11 standard. There is recently an important drive to utilize this existing infrastructure to support the ever increasing capacity demand because MMFs bring multiple advantages regarding to their ease of installation, maintenance and handling, which in turn implies an important cost reduction. However, the transmission capacity of these in-building networks is severely limited by intermodal dispersion. Despite of this disadvantage, recent efforts have pointed that MMFs can be employed to support high-speed digital connections such as those required by GbE applications for transmission speeds up to 10 Gb/s in short-reach distances. Furthermore, it has been demonstrated that the use of laser instead of LED based transmitters results in a considerable improvement of the MMF link transmission bandwidth.
Different novel techniques are now being developed to achieve this target such as mode group diversity multiplexing [2] [3] [4] , optical frequency multiplication [2] , the application of MIMO (Multiple Input Multiple Output) techniques [5] , wavelength division multiplexing (WDM) [6] [7] [8] [9] , and subcarrier multiplexing (SCM) [6, 10] . Among these approaches, the last one become especially interesting since it provides the potential for the delivery of radio and wireless services and also for broadband digital transmission by suitable combination of the traditional SCM with Orthogonal Frequency-Division Multiplexing (OFDM), [11] . Reference [12] anticipated that the combination of low linewidth transmitters and multichannel SCM transmission could support the delivery of high frequency Radio Over Fiber (ROF) signals through intermediate length (5-10 km) multimode fiber links. For the application of subcarrier multiplexing (SCM) techniques it is also essential to analyze the contribution of nonlinear harmonic and intermodulation distortions which maybe produced in the MMF optic link, [13] .
Another important approach to force less intermodal dispersion consists in reducing the number of modes propagated through the fiber by means of practical modefiltering implementations at the transmitter and/or receiver side, [14] [15] [16] . The transmitter side mode-filtering is performed by exciting a limited number of lower order modes in the MMF and thus coupling only a small portion of the total power into the rest of the transmitted modes. Using this approach in combination with WDM techniques and low linewidth lasers we have recently demonstrated for the first time a multimode fiber link with a capacity x distance product of 1 Tb/s·Km, [9] .
These results suggest the potential feasibility to transmit simultaneously combined digital baseband and subcarrier multiplexed signals within a given wavelength channel and opens the possibility of improved spectral efficiency, multiformat signal transmission and also the implementation of Subcarrier multiplexed optical label swapping in multimode fiber links.
In this paper we report the experimental demonstration of simultaneous analogue and digital signals transmission through a 5 km 62.5-µm core-diameter graded-index multimode silica fiber link. Successful error-free 2.5 Gb/s PRBS digital signal transmission as well as 95 subcarrier multiplexed cable television (CATV) channels (upconverted to the 9 GHz band) transmission is achieved by employing a low-linewidth Distributed FeedBack (DFB) laser and performing the mode-filtering approach at the transmitter end by means of Singlemode Fiber (SMF) central launch.
II. EXPERIMENTAL SETUP
The schematic of the setup for the experimental demonstration is shown in Fig. 1 . The digital frame generator, Tektronix Optical Test System OTS9000, delivered an optical signal at 1550 nm modulated with a 2.5 Gb/s 2 31 -1 pseudorandom bit sequence (PRBS) NRZ data stream. After being amplified by an erbium-doped fiber amplifier (EDFA) providing about 20 dB optical gain, the light was externally modulated by an analogue RF signal composed by 95 CATV subcarrier multiplexed channels, 6 MHz spaced, upconverted to 9 GHz carrier frequency, ranging the upper band from 9.431 GHz to 9.995 GHz. The electro-optic (EO) intensity modulator is designed for 10 Gb/s transmission @ 1550 nm, thus its design was far from optimum for this application. The optical output of the EO modulator was passed through an optical variable attenuator before being central launched by means of an FC/PC connector from the singlemode fiber into 5 km of 62.5-µm core-diameter graded-index (parabolic core grading, i.e. α = 2) silica multimode fiber with an standard first order chromatic dispersion parameter of D = 17 ps/(nm·km). The applied central launching scheme involved a radial offset ranging from 0 to 2 µm. Thus the SM-MM launch scheme provides the initial spatial mode filtering effect by launching only a limited number of lower order modes into the MMF link.
In order to characterize the eye diagrams of the 2.5 Gb/s digital baseband signal, the MMF output end was directly coupled to the 2.5-GHz bandwidth 62.5-µm core-diameter MMF input of the Communications Signal Analyzer (CSA). The electrical spectrum characterization required the optical output of the 5 km MMF link to be detected using a MMFpigtailed 22-GHz-bandwidth Discovery Semiconductors DSC30S PIN photodiode and passed through a 40-Ghzbandwidth 30-dB-gain RF amplifier. 
III. RESULTS AND DISCUSSION
The potential of MMF for broadband ROF transmission in the microwave region has been theoretically justified in Ref. [12] as a consequence of the nonideal behavior as a microwave transversal photonic filter of a MMF link. It was also shown that this possibility of exploiting the MMF response at frequencies far from baseband is contingent on the use of low-linewidth lasers.
In order to confirm the results obtained in Ref. [12] and previous to the transmission experiment, we measured the electrical frequency response of the 5 km MMF link for radio frequencies up to 25 GHz. Fig. 2 shows that the measured normalized response obtained with an Agilent E8364A Network Analyzer (45 MHz -50 GHz) is in agreement with the model presented for radio over fiber systems, Ref. [12] . We clearly appreciate that the contrast ratio between the transversal filter resonances and the secondary side-lobes is dramatically reduced. This is due to the fact that the MMF link behaves as an imperfect transversal filter, i.e. the difference in the propagation delays between adjacent mode groups is not a constant value. In fact we can see that the measured response is relatively flat with maximum variations of ± 2 dB with respect to a mean level of approximately 2 dB below the low frequency regime. It must be noted that the fall produced above the 20 GHz is a consequence of both the external modulator and the detector 3-dB RF bandwidths. With all, we reach the conclusion that our 5 km MMF link is suitable for wideband transmission over a broad region of frequencies.
To test the performance of the analogue and digital simultaneous transmission proposed scheme, we measured in first place the received electrical spectrum at the output of the 30-dB-gain electrical amplifier. Fig. 3 shows the overall measured electrical spectrum from 0 to 12 GHz, where the 2.5 Gb/s digital baseband spectrum and the analogue highfrequency spectrum, allocated in the [8.005,8 .569] GHz and [9.431,9 .995] GHz bands, can be easily identified. The electrical spectrum of the 95 multiplexed subcarriers of the upper CATV band, where five 6 MHz-spaced channels have been shown in detail, is plotted in Fig. 4 showing a signal to noise ratio (SNR) ranging from 25 to 17 dB. For the evaluation of the impact of second and third order distortions, we will resort to a common measure often used in CATV and cellular telephone systems, the Composite Second Order (CSO) and the Composite Triple Beat (CTB) distortion parameters, which are respectively defined as the electric power ratio between the second and the third order distortion signals and the radiofrequency carrier. The intermodulation distortion measured at the electrical output of the CATV header for the whole frequency plan transmission took values in the range of -69 to -65 dBc for the CSO as well as for the CTB parameter. These values correspond to a measured carrier power level ranging from -23 to -26 dBm. When simultaneous transmitting analogue and digital data signals, the distortion values measured at the end of the 5 km MMF link were in the range of -41 to -39 dBc for the CSO parameter while -42 to -39 dBc for the CTB parameter. The power penalty caused by the RF mixer inclusion results in CSO and CTB degradation around 16 dB, while the degradation due to MMF transmission varies from 3 to 7 dB throughout the measured CATV frequency plan. It must be noted that the minimum CSO absolute values were located in the lower frequency channels where the number of second order products N CSO was maximum, while for the CTB the number of third order products N CTB reaches its maximum for intermediate frequency channels.
To evaluate the performance of the 2.5 Gb/s digital transmission, the recovered eye diagram and the corresponding quality factor Q are shown in Fig. 5 at the optical output of the OTS9000 digital frame generator and at the end of the 5 km MMF link for the case of digital data signal independent transmission as well as analogue and digital data signal simultaneous transmission. It can be seen that open eye diagrams are observed for both transmission schemes at the MMF link output, resulting in a quality factor Q = 7.26 for independent digital transmission and Q = 7.05 for simultaneous transmission, what implies a Bit Error Rate (BER) < 10 -12 for a received optical power of -3 dBm. Comparing both results, we can affirm that the distortion produced for the analogue signal is practically negligible over the 2.5 Gb/s transmission. Fig. 6 shows the measured BER points and their linear regression in a least squares sense versus the optical receiver power for the 2.5 Gb/s PRBS signal in presence of the analogue CATV signal. Error free transmission is achieved with received powers in the -3 to -7 dBm range. It must be taken into account that the SM-MM launching scheme causes a power penalty of 2 dB at the BER of 10 -9 for the 5 km MMF link, which is in line with the results presented in [16] for the transmission of 10 Gb/s signal over 3.7 km MMF link for mode-field matched center launching at the same BER. 
IV. CONCLUSIONS
We have experimentally reported the successful simultaneous subcarrier multiplexed analogue and 2.5 Gb/s digital signals through a 5 km 62.5-µm core-diameter gradedindex multimode silica fiber link. It has been shown that the transmission of broadband signals (from baseband to radio regions) is feasible by combining central launching through a singlemode fiber and a low-linewidth laser. The experimental measurements confirm the good performance of the system. As far as the digital baseband signal is concerned, error free transmission is achieved with an error rate better than 10 -12 , while for the SCM signal CSO and CTB penalty due to MMF transmission took values in the range of 3 to 7 dB. Higher transmission capacities could be achieved combining the proposed scheme with wavelength division multiplexing techniques, [9] .
The experimental results performed in this work open the possibility of improved spectral efficiency, multiformat signal transmission and Subcarrier multiplexed optical label swapping implementation in multimode fiber links.
